Introduction
Cancer, or malignant neoplasm, can be defined as a group of diseases characterized by genomic abnormalities, uncontrolled cell growth, and gene expression deviations [1] . One of the deadliest types of cancer is cervical cancer, which occurs specifically in the cervical area, i.e., the cavity-shaped area between the vagina and the uterus (commonly known as the cervix). This cancer is caused by human papillomavirus (HPV) infection. The presence of HPV is detected in 99.7 % of cervical cancer cases, of which 70 % are caused by HPV infection types 16 and 18 [2] [3] [4] . Cervical cancer is ranked second as the most lethal cancer among women worldwide (most lethal in developing countries), with at least 500,000 new cases occurring each year and a mortality rate reaching one-third [5, 6] . It is estimated that cervical cancer has become the second most prevalent cancer in women in Indonesia after breast cancer, with 20,928 new cases of cervical cancer diagnosed each year [7] . There is currently no effective treatment for cervical cancer. It is known that HPV can cause mutations in stem cells, which eventually become cancer stem cells [8] . In general, stem cells can be defined as cells that have the ability to live eternally by constant self-renewal and the generation of mature cells from a network of differentiation stages. These stem cells are also responsible for the development of new tissue cells. In the event of stem cell mutation, cancer stem cells may be produced. Cancer stem cells can cause the development of tumor cells in tissues and trigger the development of cancer in the human body [9] .
A variety of methods have been studied and developed to effectively treat cancer, one of which is inhibition of the signaling pathway of cancer stem cells. One of the pathways involved in cancer stem cell development is the Hedgehog signaling pathway (Hh). This signaling pathway is crucial in embryonic development and differentiation, as well as in stem cell renewal [10] . Abnormal Hh activity is commonly associated with the development of prostate, lung, pancreas, stomach, and cervix cancers [5, 11] . The Hh signaling pathway can affect the proliferation, survival, and migration of cancer stem cells; therefore, intervention of this pathway is an option for the effective treatment of cervical cancer. The Hh signaling pathways consist of three proteins (Sonic Hedgehog (Shh), Indian Hedgehog (Ihh), and Desert Hedgehog (Dhh)), which play a crucial role in the early development of stem cells. The Shh protein is the most extensively studied protein in the Hh signaling pathway, particularly because of its importance in cell division from adult stem cells and involvement in the development of several types of cancer [12, 13] .
Our previous work has found that herbaric acid (IUPAC name: 2-(4,6-dihydroxy-3-oxo-2,3dihydro-1H-inden-1-yl)acetamide) may be a potential lead compound for cervical cancer therapy. It can bind Zn 2+ at the histone deacetylase (HDAC) protein [14] . However, this compound has a low oral bioavailability and so requires binding site modification to overcome this weakness, as well as to increase its binding affinity to several receptors. Using this information, we designed a novel inhibitor based on modification of herbaric acid and observed its interactions with the Shh protein through molecular docking simulations. Through this research, we obtained the structure of a herbaric acidbased compound that targets the Shh protein and could be used as a drug candidate for cervical cancer therapy.
Materials and methods
The research methodology used in this study was developed from methods used in our previous research [14-16].
Determination and preparation of the Shh protein
The three-dimensional (3D) complex crystal structure of ShhN and Hedgehog-interacting protein (Hhip) Homo sapiens was downloaded from PDB ID: 3HO5. It was observed at a resolution of 3.01 Å and contains one Zn 2+ ion and two Ca 2+ ions on the active side of Shh [17, 18] . This protein structure was saved in the .pdb format. The next step was removal of all the solvent molecules (H2O), Hhip proteins, and any ligands it contained using Accelrys Discovery Studio 2.5 software. The Shh protein was prepared using the Prepare Protein feature followed by minimization of the protein structure using CHARMm force and partial charge MMFF94. Minimization was performed using the Smart Minimizer algorithm within 1000 steps and with an RMS Gradient of 0.001. The Shh protein structure was saved in the .pdb or .dsv formats.
Design and preparation of the ligands
In this study, all ligand inhibitors were drawn using the ChemDraw Ultra 12.0 software. Herbaric acid was chosen as the main backbone of the ligand inhibitors. The carboxylic group (-COOH) in the herbaric acid compound was replaced by the amide group (-CONHR). The structures of the drawn compounds were classified into several groups according to the different types of heterocyclic fragments (such as benzene, cyclohexane, cyclopentene, pyridine, pyrimidine, pyridazine, pyrazine, pyrrole, furan, thiophene, pyrazole, oxazole, thiazole, isoxazole, isothiazole, oxadiazole, thiadiazole, triazole, indole, benzo[b]thiophene, benzofuran, and quinoline) directly attached to the nitrogen atom of the amide group. These ligands were gathered with coded alphabetic capital letters (A through W), followed by an alphabetical lowercase a, b, c, or d depending on the location of -X on the heterocyclic functional groups, and ended with the provision that defined the shape of the -X group (such as halide group, alkyl, hydroxyl, amine, ether, carbonyl, carboxylate, esters, amide, hydroxylamine, sulphonate, or boronic acid). Thus, 6310 ligands were created. The full list of the -R and -X groups on the ligand modifications can be seen in the Supplementary Materials provided in the Appendices. All of these ligands were then stored in the .mol format. After the entire molecular structure had been constructed, all of the structural files were prepared, minimized, and optimized using the Accelrys Discovery Studio 2.5 software.
Molecular docking simulations and visualization analysis of the docking results
In this research, molecular docking simulations were conducted using the LibDock module in the Accelrys Discovery Studio 2.5 software. After all of the ligands and the Shh protein had been prepared and minimized, the Shh ligand and protein were subjected to the docking process after the cavity site of the receptor had been determined using Site Sphere (with the Number of Hotspot and Docking Tolerance set to 100 and 0.20, respectively). Next, the Gibbs free binding energy (∆Gbi nding) of the best 200 ligands in this step were determined using the Calculate Binding Energies module. This was done using the Steepest Descent minimization parameter with a maximum of 1000 steps (on In-situ Ligand The left and right figures were generated through UCSF Chimera 1.12 and Accelrys Discovery Studio 2.5 software, respectively
Minimization parameters) and 500 (on Ligand Conformational Entropy parameters), and Generalized Born with Molecular Volume solvent on the Solvent Model Implicit option. Finally, Molecular Operating Environment (MOE) 2008.10 was used to predict the molecular interaction between the selected ligand at the binding site of the Shh protein [19, 20] .
Results and discussions
Determination of Shh protein sequences began by accessing the NCBI (National Biotechnology Information Center) website, which identified the Shh Homo sapiens protein with 462 amino acid residues as the chosen target protein. The next step was analysis of the protein amino acid residues using the Basic Local Alignment Search Tools (BLAST) algorithm for Proteins (BLASTP). This was followed by accessing of the NCBI website to determine the location of the conserved region or conserved domain of the Shh protein. From this analysis, it was found that the Shh protein consists of two main components: the Hedgehog amino-terminal signaling domain (residues 39-184) and the Hedgehog Domain N-terminal region (residues 197-318). The zinc ion (Zn 2+ ) and two calcium ions (Ca 2+ ), which act as cofactors for later Shh proteins interacting with Hhips in the Hedgehog signaling pathways, are located at the Hedgehog amino-terminal signaling domain. The Zn 2+ ion serves as an interactor, which plays a significant role in activating the hedgehog signaling pathway by regulating the formation of the Shh-Hhip complex. The Ca 2+ ions prevent any electrostatic repulsion between the two proteins [21] . Therefore, the designed inhibitor ligand should use the Zn 2+ ions and the two Ca 2+ ions as the inhibition target of the ligand-protein complex. An illustration of the catalytic site of the Shh protein is shown in figure 1 . Active site determination of the protein was conducted prior to the molecular docking simulations. In this study, the active site of the Shh protein was determined using Find Sites in the Receptor Cavities feature of the Accelrys Discovery Studio 2.5 software after the protein minimization step had been carried out. At this stage, the cavities having the closest location between the Zn 2+ ion and the two Ca 2+ ions were located since the metal ion plays a crucial role in activating the Hedgehog signaling path. The charge relay system on the active site of the Shh protein is a significant inhibition target for preventing Shh protein binding to Hhip and for activating the Hedgehog signaling pathway so that cancer stem cells are not be able to perform proliferation because of the inexistence of the transcription process in this signaling pathway. This step can be used as a strategy to cure cancer, including cervical cancer.
In this research, herbaric acid derivate compounds were selected as the main compounds for inhibiting the Shh protein. These compounds serve as a bioisostere of herbaric acid, in which the carboxylic group (-COOH) in the herbaric acid compound is replaced by the amide group (-CONHR). This was done to improve the stability of the ligand body, as well as to increase the druglikeness of the ligand. An example of the drawn ligand in this research can be seen in figure 2 .
Finally, molecular docking simulations were conducted to obtain ligand conformation and orientation to the catalytic site of an enzyme/protein. The simulations used molecular mechanical approaches to minimize ligand energy at the binding site of the receptor to obtain the most stable conformation. The enzyme was rigid, wheras the ligand had the flexibility to find the most stable Figure 2 . Example of the drawn ligand in this research conformation [22, 23] . In this study, the docking simulations were performed using the LibDock module in the Accelrys Discovery Studio 2.5 software. About 6310 ligands were docked and compared with five standard ligands (robotnikinin, herbaric acid, and the best three ligands from the previous study conducted by Hwang et al. [24] ) using ∆Gbi nding, the inhibition constant (pKi), and the molecular interaction. In this simulation, we found that the Wc34 ligand had the lowest ∆Gbi nding value at −134,0623 kcal/mol, followed by Sa32, Da32, Wa35, and Bc32. The full results of the docking simulations can be seen in table 1. After molecular docking simulations had been performed, molecular interaction analysis between the ligand inhibitor and Shh protein through hydrogen bonding, metal coordination bonds, and van der Waals interactions was conducted. The MOE 2008.10 software was used to determine the molecular interaction of the selected ligand-Shh protein complex. The best ligand from the previous simulation, the Wc34 ligand, was observed first to visualize its molecular interaction in the cavity site of the Shh protein; this is shown in figure 3 . From the visualization, the interaction involves not only the Zn 2+ that binds the -OH group to the ligand but also the Ca 2+ , which forms a covalent coordination bond with the nitrogen atom in the hydroxylamine group (-NHOH). Additionally, the hydrogen atom attached to the oxygen atoms of the hydroxylamine group interacted with the residues Glu90 and Glu126, and the hydrogen atom attached to the nitrogen atom of the amide group interacted with the residue of His133. So the oxygen atoms of the -OH group binding to Zn 2+ , which also interacts with the residues His140, Asp147, and His182.
The interaction between the Shh protein and the Sa32 ligand, i.e., the ligand with the second lowest Gibbs free energy and the second highest inhibition, can be observed in figure 4 . Although the interactions were quite similar to those of the Shh-Wc34 complex (the Zn 2+ binds perfectly with the oxygen atom in the herbaric acid backbone), the Ca 2+ ion interacts with the oxygen atoms in the hydroxyamide group (-CONHOH). It should be noted that the Sa32 ligand also interacts with Glu90, Glu126, Asp129, Asp131, His140, Asp147, and His182 residues. Overall, the Sa32 inhibitor ligand shows significant molecular interaction with amino acid residues around the catalytic site of the Shh protein.
Finally, the interaction between the Shh protein and the Sd32 inhibitor ligand was also visualized and analyzed ( figure 5 ). From the visualization results of the Shh-Sd32 complex, it appears that metal interaction of the three cofactors (Zn 2+ atom and two Ca 2+ atoms) occurred. Zn 2+ binds via a covalent Figure 5 . 2D illustration of the Sd32 ligand and the binding site of the Shh protein coordination bond with an oxygen atom in the amide group of the ligand, whereas the two Ca 2+ cofactors interact with oxygen atoms on the hydroxyamide functional group of the Sd32 ligand.
Specifically, one Ca 2+ atom interacts with sp 2 oxygen atoms in the carbonyl (C=O) group, while the other binds the sp 3 oxygen atom on the -NHOH group. The Sd32 ligand also interacts with other amino acid residues in the Shh protein, such as Glu53, Glu90, Glu126, Asp129, Asp131, and Ser138.
Conclusions
The screening of potential drug candidates using bioinformatics-based computational methods has progressed into an efficient, inexpensive approach in the drug design and development process. In this study, 6310 herbaric acid-based ligands were drawn and simulated through molecular docking simulations and compared with the Shh protein to examine the binding affinity and interaction in its cavity site. After a series of docking simulations, we concluded that the Sd32, Sa32, and Wc34 ligands were best at inhibiting the Shh protein, showing the potential to be developed as lead drugs to inhibit Hh signaling pathways in cervical cancer therapy. This study should be extended to a wet experiment by synthesizing these ligands and testing them through bioactivity and inhibition assays. Additionally, computational ADME-Tox should be performed to predict any toxicity risks that may occur, followed by molecular dynamics simulations to analyze the stability of the complexes in the human body.
